The ability to develop effective antipredator responses early in life should be strongly promoted by natural selection. Recent work has shown that embryonic amphibians can learn to recognize predators even before they hatch. Here, we showed that embryonic woodfrogs, Rana sylvatica, learned the danger level associated with a predator prior to hatching and generalized their learned recognition to other similar predators with which the woodfrogs lacked experience. Embryos exposed to salamander odor (SO) paired with injured tadpole cues learned to recognize the salamander Ambystoma tigrinum, but those exposed to SO paired with well water did not. When we increased the concentration of alarm cues to which embryos were exposed, tadpoles showed stronger response to salamander cues. In addition, the tadpoles generalize their learned response to the odor of closely related newts Cynops pyrrhogaster but not Xenopus frogs. In accordance with the Predator Recognition Continuum Hypothesis, the ability to generalize was dependent on the threat level of the predator. Our results highlight the sophistication of learned responses to predators by embryonic amphibians and stress the need for studies in other taxa.
T he ability of prey to recognize predators is a fundamental prerequisite to avoid capture. Some prey animals respond to predators on their first encounter, as has been shown in mammals (Fendt 2006) , birds (Goth 2001) , and fish (Berejikian et al. 2003) . In other species, prey require experience with the predator in order to respond appropriately (e.g., invertebrates [Rochette et al. 1998 ], fishes [Mathis and Smith 1993; Chivers and Smith 1994] , birds [Curio et al. 1978] , and mammals [McLean et al. 1996; Griffin et al. 2001] ). Thus, there is selection on prey to learn to recognize predators early in life. In fact, acquiring information about predators even before being directly exposed to them would provide prey with a great advantage. One study showed that some prey can learn to recognize predators prior to hatching. Mathis et al. (2008) indeed reported that embryonic woodfrogs exposed to the odor of a salamander paired with crushed tadpoles cues learned to recognize the salamander as a threat and subsequently responded to it as tadpoles. Conversely, embryos exposed to salamander odor (SO) paired with water did not learn to recognize SO as threatening. In this system, tadpoles hatch with the ability to recognize predators on their first encounter.
In this study, we further examined the ability of embryonic amphibians to learn to recognize salamander predators. In particular, we asked whether embryonic amphibians can 1) learn the danger level associated with the salamander and 2) use the information about the salamander to further label other potential predatory amphibians as threatening. The ability of prey to match the intensity of their antipredator response to the danger level of the predator is known as threat-sensitive predator avoidance (Helfman 1989; . A wide diversity of prey animals have been shown to exhibit such responses, and recent evidence suggests that prey acquire the ability very quickly. For example, larval mosquitoes as well as minnows, goldfish, and tadpoles learn the danger level associated with the predator based on a one-time Pavlovian conditioning with alarm cues from injured conspecifics (ICs) (Ferrari et al. 2005 (Ferrari et al. , 2008b Zhao and Chivers 2005) . This represents a classical conditioned learning paradigm, in which predator cues (odor or sight) acts as a conditioned stimulus (previously unknown stimulus) and IC cues act as an unconditioned stimulus (stimulus that inherently elicits a fright response). After being simultaneously exposed to the conditioned and unconditioned stimulus, the prey learns to exhibit a fright response to the predator odor alone. The ability to learn threat-sensitive responses to predators has not been considered at such an early life stage.
The specific characteristics that prey use in learning to recognize predators have received relatively little attention. Moreover, we know little about the ability of prey to generalize their antipredator responses to predators that are similar to ones the prey has learned to recognize (Heinemann and Rudolph 1963) . In one case, Griffin et al. (2001) showed that tammar wallabies, Macropus eugenii, did not show an antipredator response to models of a fox, cat, or goat. However, when the wallabies were taught to recognize foxes as threatening, they also learned that the cat was threatening. The wallabies did not generalize their recognition to the goat. Ferrari et al. (Ferrari, Gonzalo et al. 2007; Ferrari et al. 2008a ) demonstrated a similar phenomenon in prey fishes, whereby minnows conditioned to recognize the odor of a predatory trout, subsequently displayed a fearful response to the odor of other trout species, but did not generalize their recognition to other nonsalmonid fish predators. Generalization of predator recognition has only been examined once in amphibians. Ferrari et al. (2009) showed that woodfrog tadpoles taught to recognize a red-bellied newt, Cynops pyrrhogaster, generalized their recognition to both tiger salamanders, Ambystoma tigrinum, and African clawed frog Xenopus laevis. In this study, we ask whether embryonic amphibians have the same ability to generalize the recognition of known predators to similar novel predators, with which they lack experience. We also asked whether the extent of generalization is dependent on the danger level associated with the reference predator. A theoretical model developed by Ferrari et al. (Ferrari, Gonzalo et al. 2007; Ferrari et al. 2008a ) predicts that the template for generalization should be wider as the threat level associated with the predator increases.
MATERIALS AND METHODS

Water and predators
Ten days prior to starting the experiments, a 1900-l outdoor tub was filled with well water and seeded with zooplankton and phytoplankton from a local pond using a fine mesh dip net. This ensured that the holding and testing water contained a full array of algae and plankton but no predator odors. The pond is known to contain a variety of invertebrate predators (dragonflies and beetles) but not salamanders. Salamanders are known to occur in other ponds in this region of Alberta.
Six red-bellied newts (snout-vent length [SVL]: mean 6 standard deviation ¼ 6.4 6 0.8 cm), one tiger salamander (SVL: 14.1 cm), and 2 Xenopus African clawed frogs (SVL: 6.1 and 9.1 cm) were obtained from a commercial supplier and maintained by the Biology Department Animal Care Unit at the University of Saskatchewan. Different numbers of animals were chosen to approximate the same volume of predator to produce the cues, using a volume displacement method. Newts and Xenopus were fed floating food sticks (ReptoMin, Tetrafauna-Tetra Holding (US) Inc, Blacksburg, VA), and the salamander was maintained on a live cricket and earthworm diet.
Test subjects and stimulus preparation
All eggs and tadpoles used in this experiment were collected from a single pond in Central Alberta in May 2008. Our previous work has established that woodfrog tadpoles from this pond do not show recognition of predators without prior experience Chivers 2008, 2009b) . Egg laying began on 2 May 2008 and was completed on 11 May 2008. Four egg clutches laid early in the season were transferred into a pool containing pond water and aquatic plants and were left to develop until hatching. This was done to ensure that tadpoles were available for the stimulus preparation. The tadpole stimulus was prepared daily immediately prior to being used, by crushing 50 tadpoles (ca. 8-12 mm in length) in 100 ml of well water using a mortar and pestle. This stimulus was run through filter floss and divided into aliquots for injection into the holding pails (see below).
The SO used for the egg treatment phase was obtained by putting the salamander into 500 ml of conditioned well water for 24 h. The water was changed every day. Whereas a single salamander was used in the present experiment, previous work suggests that the defensive response elicited in tadpoles by salamander predators is not unique to the individual predator being examined Chivers 2008, 2009b) .
Experimental setup
Five egg clutches laid the previous night were collected, and each clutch was divided into subclutches of approximately 75 eggs. Three subclutches were transferred into 3.5-l pails filled with 3 l of conditioned well water. The subclutches consisted of a single mass of eggs with the egg jelly intact. Random temperature checks revealed only a 0.1°C difference between the 15 pails. Examinations of eggs revealed that the 5 clutches were at Gosner developmental stage 10-11 (Gosner 1960) . At this stage, the neural tube is not yet formed.
The layout of the experiment followed a randomized block design with replication, in which each clutch represents a block. One of the 3 subclutches from each clutch was randomly assigned to one of 3 treatments: 1) water 1 SO: 12 ml of water paired with 20 ml of SO, 2) low IC 1 SO: 2 ml of IC solution (equivalent to 1 crushed tadpole), 10 ml of water, and 20 ml of SO, or 3) high IC 1 SO: 12 ml of crushed tadpole solution (equivalent to 6 crushed tadpoles) paired with 20 ml of SO. Eggs were treated daily at 1500 h for 5 days. The stimuli were slowly injected on the side of the pails to minimize disturbance to the eggs. At 1700 h, a 100% water change was performed. The experimenter wore latex gloves to avoid the transfer of any odor to the embryos. Eggs were treated until the embryo within the eggs appeared fully formed (Gosner stage 22/24) but had not hatched. We verified that the embryos had not hatched as they were curled up in their eggshell. Tadpoles straighten out immediately on hatching. The treatments stopped after 5 days. Embryos from all groups started hatching the following morning, and all the embryos were hatched by the evening. Tadpoles were provided with rabbit food, and the water was partially changed every second day. Tadpoles were raised for 9 days, to Gosner stage 25 and subsequently tested for a response to SO, newt odor, or Xenopus odor.
Testing procedure
Tadpoles were tested using a well-established protocol Ferrari and Chivers 2008; Mathis et al. 2008) . Individual tadpoles were transferred into plastic cups containing 0.5 l of conditioned well water and left to acclimate for 45 min. The trials consisted of a 4-min prestimulus period followed by a 4-min poststimulus injection period during which the behavior (activity) of the tadpoles was recorded. The 2 periods were separated by a 30-s injection period, during which the content of a 5-ml syringe was emptied slowly on the side of the cup to minimize disturbance. Arbitrarily chosen tadpoles from each pail were tested for their response to 5 ml of SO, newt odor, or Xenopus odor. The 3 solutions were obtained by independently soaking 6 newts, 1 salamander, or 2 frogs in 2 l of water for 24 h. We tested 12-15 tadpoles from each of the 15 pails, 4-5 tadpoles being exposed to one of the 3 predator odors.
Tadpoles have been shown to decrease activity in response to predation cues. Hence, a line was drawn in the middle of the cup, and the number of line crosses was counted during the 2 observation periods. We considered that a tadpole crossed a line when its entire body crossed from one side of the line to the other. The trials were performed outdoors, between 1430 and 1830 h. The order of the treatments was randomized throughout the day. The observer was blind to the treatment.
Statistical analysis
We calculated the proportion change in line crosses from the prestimulus baseline ([post 2 pre]/pre). Tadpoles from the same clutch (i.e., raised in the same pail) were not considered independent. Hence, we performed a block design nested analysis of variance (ANOVA), whereby tadpoles from the same clutch and receiving the same treatment were nested within clutch, and clutch nested within cue. Thus, clutch was considered our level of replication, not tadpole. To further investigate threat-sensitive generalization, ANOVAs comparing the responses of tadpoles to different predators were performed on the low 1 SO and high 1 SO groups. To test for threat-sensitive learning of SO, we compared the responses of tadpoles from the water 1 SO, low IC 1 SO, and high IC 1 SO to SO.
RESULTS
Threat-sensitive generalization
The ANOVA revealed a statistically significant interaction between predator and cue and no effect of clutch (Table 1 ). An ANOVA investigating the responses of the low IC 1 SO and high IC 1 SO tadpoles to different predators revealed a significant effect of predator (F 2,7.8 ¼ 7, F 2,5.2 ¼ 31, both P , 0.02), no effect of clutch (F 4,7.9 ¼ 0.7, F 4,5.4 ¼ 2, both P . 0.2), or clutch by predator interaction (F 8,51 ¼ 2.0, F 8,47 ¼ 0.1, both P . 0.05) (Figure 1 ). Tadpoles exposed to the low IC 1 SO treatment as embryos responded most strongly to SO but did not respond differently to the odor of newt or Xenopus (Tukey pairwise comparison: P . 0.5). However, for tadpoles in the high IC 1 SO treatment, salamander and newt odor elicited stronger responses than Xenopus odor (both P , 0.03), and SO elicited a stronger response than newt odor (P , 0.03).
Threat-sensitive learning
An ANOVA investigating the effect of cues on the responses of tadpoles to SO revealed a significant effect of cue (F 2,7.7 ¼ 17, P ¼ 0.001) and no effect of clutch (F 4,7.6 ¼ 1.4, P . 0.3) or clutch by cue interaction (F 8,49 ¼ 1.0, P . 0.4) (Figure 1 ). Tadpoles exposed to high IC 1 SO as embryo responded to SO with the strongest antipredator behavior, tadpoles exposed to water 1 SO as embryo displayed the weakest antipredator response to SO, whereas tadpoles low IC 1 SO responded with an intermediate intensity (Tukey pairwise comparisons: all P , 0.025).
DISCUSSION
Studies examining embryonic learning in a predation context are at their infancy. Mathis et al. (2008) showed that embryonic woodfrogs could learn to recognize salamander predators. Moreover, they showed that ringed salamanders exposed to predation cues as embryos subsequently altered their habitat choice as larvae. The only other study examining learning by embryos in a predation context demonstrated that woodfrogs could learn to recognize nonpredators. In that study, Ferrari and Chivers (2009a) exposed embryonic woodfrogs to the odor of salamanders, without negative reinforcement. After hatching, tadpoles were exposed to the odor of salamanders paired with tadpole alarm cues, a classic methodology used to teach aquatic prey to recognize predatory cues (Chivers and Smith 1998) . However, the tadpoles failed to learn to recognize the salamander as a threat. Conversely, tadpoles that were not preexposed to salamander cues as embryos successfully learned to recognize the salamander as a threat. These results indicate that embryonic amphibians can exhibit latent inhibition of predator recognition (Hazlett 2003) ; they learn to recognize nonpredators during their embryonic development.
Our study further advances our understanding of predator learning by woodfrog tadpoles. We showed that embryonic woodfrogs are not only able to learn to recognize predators but also able to exhibit threat-sensitive learning. The tadpoles respond to salamander predators with a greater intensity of response when they are conditioned as embryos with higher concentrations of alarm cues. Such threat-sensitive learning should allow the prey to optimize the trade-off between costly antipredator responses with activities such as foraging. More importantly, our study also demonstrated threat-sensitive generalization of predator recognition by embryonic amphibians. Woodfrogs taught to recognize the odor of salamander as threatening as embryos, showed antipredator behavior when exposed to the odor of salamander but also to the odor of newt. However, they did not generalize their responses to the odor of more distantly related Xenopus. Interestingly, the generalization is not constant but dependent on the level of threat associated with the salamander. Indeed, when the salamander represents only a mild threat (low IC 1 SO group) then tadpoles did not display significant antipredator response to the newt odor. These results are in accordance with theoretical models on the evolution of predator learning (e.g., Stephens 1991; Pearce 1997), including the Predator Recognition Continuum Hypothesis (Ferrari, Gonzalo, et al. 2007 ). In the only other study to examine generalization of predator recognition in amphibians, Ferrari et al. (2009) showed that woodfrog tadpoles taught to recognize newts generalized their recognition to both salamanders and Xenopus. The difference in the degree of generalization observed in these 2 experiments is interesting. For generalization to occur, prey need to match the odor signature of the reference predator that it recognizes (salamander in this case) with the odor signature of the other species. When the match is sufficient, that is, when there are 
Figure 1
Mean (6standard error) proportion change in line crosses from the prestimulus baseline for tadpoles exposed to SO paired with water (white bars), a low (gray bars), or a high (black bars) concentration of injured tadpole cues as embryos and subsequently tested for their responses to the odor of salamander, newt, or Xenopus.
Ferrari and Chivers • Predator recognition by embryonic amphibiansenough chemicals in common and perhaps the chemicals are in the correct concentrations, the prey will then exhibit a response to the other species. Perhaps tadpoles that are 2 weeks post hatch when they learn to recognize the reference predator, as was the case in Ferrari et al. (2009) , have better-developed sensory capabilities than embryonic amphibians in this study. This could mean that they may be better able to match the degree of similarity of chemicals between the reference predator and the other predator. The jelly coat that surrounded the embryos in this study could also limit some predator odors from reaching the embryos and could explain the difference in generalization. One fascinating area of future research would be to compare the learning abilities of embryos on the outside of a clutch with those on the inside. Could there be differential transmission of chemicals to embryos near the center of the clutch? Embryonic learning of predators is an exciting new area of research. Many of the animals thought not to require experience to recognize predators may turn out to show sophisticated embryonic learning and generalization abilities. We strongly encourage studies in other taxa, particularly other aquatic groups, such as fishes, that are bathed in a medium that readily allows the transfer of chemical information about risk. 
